The building sector is responsible for a large part of the overall energy demand in Europe. Energy consumption may be reduced at the design stage by selecting the proper building elements. This study develops a multi-objective analysis for a highly efficient slab-on-ground floor, whose design is optimized for a warm climate. Possible floor configurations have been obtained using the software tools modeFRONTIER, for the multi-objective analysis, and MATLAB, for the computational code. To proceed with the optimization of the different floor layers, a dataset has been developed for several materials in relation to a number of parameters: thermo-physical properties, eco-sustainability score according to the ITACA Protocol, costs, source, and structural features. Results highlight how a high surface mass is preferable when guaranteed by concrete in the innermost and outermost layers. Furthermore, insulating materials are better placed in the middle layers, with the insulating and synthetic materials adjacent to the ground and insulating and natural materials adjacent to the floor. Results emphasize the importance of thermal transmittance close to the Italian regulation limit (0.38 W/m 2 K) in the climatic zone C, to allow an adequate exchange with the ground in summer, avoiding overheating. The outcomes show that the obtained slab-on-ground floor configurations favor the use of local, recyclable, sustainable, and eco-friendly materials, which is in line with energy policies and sustainability protocols. The paper supports the decision making process that takes many variables into account at the building design stage.
Introduction
In Europe, the building sector accounts for approximately 40% of final energy consumption and 36% of CO 2 emissions [1] . The European Directive Energy Performance of Building (EPBD) recast [2] aims at decreasing energy consumption in buildings, establishing that all new buildings have to be Nearly Zero Energy Buildings (NZEBs) by 31 December 2020 [3] . Different studies highlighted that reaching the NZEBs target is achievable [4, 5] , but it is not always proven that the selected design choices are the most suitable from both an environmental and economic perspective [6, 7] .
All phases of the building life-cycle have an impact on the environment and on the human well-being, both directly (through material and energy consumption) and indirectly (due to inefficient infrastructure) [8] . Therefore, the selection of building materials has a key role in achieving 'Green Buildings' [9] . However, the choice of the technologies to be implemented in a building is not an easy task at the design stage.
In light of the European energy policy framework, a wide range of technologies used to increase energy savings have become available during the last decade [10] [11] [12] . In efficient buildings, there are many different energy saving tactics: summer heat gains and winter heat losses are minimized; passive heating and cooling techniques are available; a rational use of daylight reduces lighting; the envelope dynamically controls the exchange between indoors and outdoors; renewable energy production compensates energy consumptions; and systems are generally more efficient [13] [14] [15] .
The impact assessment of building elements on energy performance is crucial and requires the development of specific analysis and simulation tools to select the most appropriate technologies. Despite several studies that deal with the characterization of different envelope components, such as walls [16] and windows [17] , few studies focus on slab-on-ground floors.
The main objective of this paper is to design a slab-on-ground floor that is able to guarantee a proper thermal comfort inside a building. In particular, the paper is focused on this component in the reduction of overheating, a common issue in a warm climate.
A generic model of a slab-on-ground floor of five layers has been considered in this research. It searches for a range of configurations to reduce energy consumption and CO 2 emissions linked to heating and air conditioning. The study evaluates the sustainability of several materials, according to the environmental score obtained by the ITACA Protocol. The ITACA Protocol is a tool for assessing the level of energy and environmental sustainability of buildings, developed by the Institute for the Transparency of Contracts and Environmental Sustainability. The Protocol tests the performance of a building when considering the building's consumption, energy efficiency, impact on the environment, and human health.
Another important goal of this study is to propose a method which permits to reduce the implementation costs.
The statistical method used to perform the simulations is the DOE (Design of Experiment), which satisfies the relations between inputs (objectives and constraints) and outputs. The set of initial configurations is processed according to Moga II (Multi Objectives Genetic Algorithm), which uses different methodologies for playback: classic crossing, directional crossover, mutation, and selection. The algorithm permits the individuals to evolve during the execution, making a selection of individuals of the current population for the generation of new elements, which are the new population for the following iteration.
The optimal slab-on-ground floor configurations are then identified within the set of optimal solutions of the Pareto front, whose solutions represent the best compromise between constraints and objectives, which means that there are no other solutions that are better at the same time for all the objectives considered in the optimization function. These configurations are finally analyzed and discussed.
Literature Overview
In recent years, there has been a great attention on environmental issues linked to buildings. Several researches investigate strategies to reduce of CO 2 emissions, while pursuing the indoor comfort. In particular, buildings located in a warm climate have been investigated for the identification of the best solutions in terms of energy and economic feasibility. Several parametric studies on envelope, fenestration, and technical systems have been carried out using building simulations [18, 19] . Wright et al. [20] demonstrate that the building design can be considered as a multi-criteria problem. Castro-Lacouture et al. [21] state that the choice of building materials with low environmental impact results in an optimization model. The multi-criteria methodology is also suggested by Baglivo et al. [22, 23] , who show that the key parameter to monitor the envelope performance located in a warm climate is the internal heat capacity, useful to minimize overheating and discomfort inside the building.
In the literature, other studies deal with this topic, paying attention to the thermal behavior of construction materials. Rantala et al. [24] show that the difference in thermal conductivity between the subsoil and the drainage materials should be considered to identify the temperature distribution and the heat loss through the slab-on-ground floor. It is demonstrated that capillary rise decreases when a coarse gravel layer (drainage layer) is placed before the ground. Furthermore, the authors suggest the inclusion of a non-capillary insulating material (i.e., EPS) which reduces rising damp and heat dissipation. Choi et al. [25] study the heat transfer across the slab-on-ground floor.
Wang et al. [26] present evidence of the impact of climates on the requirement for heating and cooling residential buildings. Evola et al. [27] focus on the identification of optimal design solutions for NZEBs [27] . Suárez et al. [28] shows different passive solutions to avoid overheating problems in a Single-Family Home in Southern Spain. Rehman [29] focuses on an experimental assessment of insulating materials for passive buildings located in warm and humid climate. Environmental Principi et al. [30] study the application of the ITACA Protocol, which will be presented in Section 1.4. Bribian et al. [31] show that the impact of the construction process may be reduced using the best available techniques of eco-innovation during the production processes.
Alkaff et al. [32] state that the ground can be considered as a heat tank and useful in microclimate control. Hait et al. [33] explain how heat can be stored and retrieved throughout the year, without energy from mechanical systems. The most important point is that heat can be naturally stored in the ground since it absorbs the radiation from the sun in summer, while the ground releases it during the cold seasons. This allows controlling the summer heat gain and the heat losses in winter.
Multi-Objective Analysis
Multi-objective analysis can help the decision-maker to deal with specific problems, as well as to compare and rank alternatives based on an evaluation of multiple criteria. Mathematical models are then used to weight criteria, score alternatives, and synthesize final results selecting the best alternatives [34, 35] . These methods have rapidly grown in research in recent years [36] .
However, due to a lack of confidence and established best practices, designers and building managers rarely perform this kind of analysis [37] . Moreover, in relation to buildings, the decisionmaking process often uses only an economic criterion which is mainly related to the cost-benefit ratio obtained with a financial analysis [38] .
In the literature, multi-objective analysis has been applied to buildings with different purposes [39] . Among them: to assist with green technologies selection [40] , to evaluate climate change mitigation policies [41] , to assist with building certification [42, 43] , to optimise the NZEB design [44] , to compare passive and active technology options [45] , and to improve thermal and energy performance [46, 47] .
There is a growing need to investigate how this analysis can support the choice of energy-efficient technologies considering more criteria in the selection. This paper proposes the use of multi-objective analysis for the optimization of the slab-on-ground floor in a warm climate.
Thermal Behavior of Slab-on-Ground Floor
Insulation and thermal mass are key parameters for thermal comfort in buildings. Insulation reduces the heat transfer between the inside and outside, while thermal mass results in a delay of the heat transfer. Therefore, both help to keep the building cool in summer and warm in winter.
The building performance in semi-arid warm climate has previously been studied [48] . The authors carry out an investigation combining thermal insulation and inertia in a building. They state that it is convenient to place the thermal mass in correspondence of passive gains, where it can absorb more heat radiated from the sun during the day. The mass must be externally insulated to reduce the heat transfer from the inside to the outside. Table 1 reports the dynamic thermal characteristics of building elements as assessed by the EN ISO 13786. It provides the heat transfer matrix Z to correlate the complex amplitude of temperature and heat flow rates at the external side with the internal side. The periodic penetration depth δ (construction material properties) and ξ (ratio of the thickness of the layer to the penetration depth) are essential to compute the components of the heat transfer matrix Z. 
Description Equation
Periodic penetration depth of a heat wave in a material (m). δ = λT πρc (1) Ratio of the thickness of the layer to the penetration depth.
Z 11 : temperature amplitude factor, i.e., the amplitude of the temperature variations on side 2 resulting from an amplitude of 1 K on side 1.
Z 12 : amplitude of the temperature on side 2 when side 1 is subjected to a periodically varying density of heat flow rate with an amplitude of 1 W/m 2 .
Z 21 : amplitude of the density of heat flow rate through side 2 resulting from a periodic variation of temperature on side 1 with an amplitude of 1 K.
Thermal admittance: complex quantity defined as the complex amplitude of the density of heat flow rate through the surface of the component adjacent to zone m divided by the complex amplitude of the temperature in the same zone when the temperature on the other side is held constant.
(6)
Decrement factor: ratio of the modulus of the periodic thermal transmittance to the steady-state thermal transmittance U.
Periodic thermal transmittance: complex quantity defined as the complex amplitude of the density of heat flow rate through the surface of the component adjacent to zone m divided by the complex amplitude of the temperature in zone n when the temperature in zone m is held constant.
Areal heat capacity: heat capacity divided by area of element (1 internal 2 external).
(10)
Time shift: time lead (if positive). or time lag (if negative). where the argument evaluated in the range 0 to 2π. The time shift is a period of time between the maximum amplitude of a cause and the maximum amplitude of its effect.
Heat transfer matrix: matrix relating the complex amplitudes of temperature and heat flow rate on one side of a component to the complex amplitudes of temperature and heat flow rate on the other side.
1.4. Assessment of the Environmental Score According to the ITACA Protocol
The aim of the internationally established sustainability rating systems is to encourage the adoption of measures with a low impact on human health and the environment. Although the availability of information on sustainable materials is rising, researchers have not agreed on a clear definition of sustainable materials and usage [49] . In general terms, the materials:
• have a high recyclable content [50, 51] The ITACA Protocol is an energy-environmental labelling system for buildings certification to evaluate the sustainability and quality of the building and building components. The basic principle is to share a common standard at international level, as indicated in the sustainable construction method (SB method). The SB method has been developed by the international research project "Green Building Challenge", run by iiSBE (International Initiative for Sustainable Built Environment) since 2002. The Italian Association of the Regions has decided to adopt the SB method as the basis for the creation of a tool for the sustainability assessment, the ITACA Protocol, which suggests the properties of "eco-friendly" materials. In particular, the ITACA Protocol promotes recycled and local materials. The supply of building material from local producers allows to decrease the distance that a given component must cover to reach the construction site, reducing the emissions during its transport. Local materials originate within 300 km from the construction site. Furthermore, the "sustainable materials" measure the percentage of an eco-sustainable material, which includes building materials certified as eco-friendly [54] .
Methodological Approach
The methodological approach of this paper aims at the characterization of a high efficient slab-on-ground floor for a building located in a warm climate. It is designed to optimize the thermal behavior of the building allowing an interaction with the subsoil able to guarantee the proper heat exchange depending on the season.
The Italian climatic zone C has been considered in the analysis, based on the national classification linked to the number of the heating degree-days, which is equal to 1153 in Lecce (South Italy), the city under investigation. This is characterized by non-extreme winters and high aridity in summer (average temperature 30.3 • C) [55, 56] . Rainfall is concentrated in autumn (240 mm seasonal average value) and winter (190 mm seasonal average value), while spring and summer have lower levels (average seasonal rainfall of 105 mm and 60 mm respectively). The building design temperature is equal to 20 • C in winter and 26 • C in summer.
The Multi-Objective Optimization
The model of the slab-on-ground floor used in the simulations is characterized by five layers; this is typical in common practice. The optimization has been carried out using the modeFRONTIER tool. The software modeFRONTIER (modeFRONTIER rel.4.3.0, ESTECO SpA, Area Science Park in Trieste, Italy) is a Multidisciplinary Design Optimization tool where multi-objective optimization algorithms are employed to optimize the technical design process, as well as reduce time and costs to achieve better results.
The following parameters have been analyzed: static transmittance, periodic thermal transmittance, decrement factor, time shift, heat areal capacity, thermal admittance, surface mass, and thickness. The outputs of the model have been conceived according to the research aims and the climate under investigation, setting specific constraints and objectives. The modeFRONTIER flow diagram is shown in Figure 1 .
The first step of the simulation is the DOE (Design of Experiments) sequence, which consists of 10,000 individual combinations. These combinations have been elaborated by the MOGA II (Multi Objective Genetic Algorithm), setting up 10 generations, for an amount of 100,000 iterations. The MOGA II starts from a series of possible solutions (DOE), representing the "initial population", which evolves during the simulation. At each iteration, new elements are generated from the current population, and the new element replaces an equal number of individuals already present, thus creating a population for the next iteration. This succession of generations evolves towards a local optimum or global solution assigned to the problem. The outcome of each simulation is a set of possible solutions which represent the Pareto front. These combinations are the best compromise between the objectives and the constraints imposed in the model. They are represented in a correlation matrix, a statistical method used to express a linear correlation between the two variables. It appears as a symmetric square matrix (M × M), where the rji element is the correlation coefficient between the i-th and j-th variable. The correlation coefficients are values ranging from −1 to + 1, but the main diagonal coefficients are equal to 1. The correlation shows the dependence between the two variables. In particular, the variables have a linear correlation when the correlation coefficient is between 0 and 1, while they have an inverse correlation when the correlation coefficient ranges between −1 and 0. The value 0 implies that there is no correlation between the two variables.
The Input Values
The simulation requires the definition of the input values. These are composed of five materials, which correspond to the five layers of the slab-on-ground floor under investigation. Each layer assumes a random value between 1 and 380. Each input value corresponds to a specific material, with defined properties:
• physical characteristics (Table 2 ); • eco-sustainability score according to the ITACA Protocol (Table 3) ; • source and structural characterization of insulating materials (Table 4 ); • cost from the regional price list (Table 5 ).
In order to create a database with these values, a survey of various building materials available in the market has been conducted.
In relation to the physical characteristics of the analyzed materials (thermal conductivity, density, specific heat, and thickness), the evaluation of the dynamic thermal performance has been carried out through the calculation procedure defined by the EN ISO 13786:2008, described in Section 1.3 [57] . Temperature and heat flow rate are considered as a sinusoidal function of the time. A period equal to 86,400 s (corresponding to one day) has been evaluated, imposing a conductive thermal exchange condition. Table 2 shows the thermo-physical properties of the building materials considered in this paper in terms of thermal conductivity (W/mK), specific heat (J/kgK), density (kg/m 3 ), and thickness (mm). The calculation procedure has been developed using the software MATLAB (Matlab rel.7.0 MathWorks Inc, Natick, MA, USA). The numerical dataset of this study is detailed and reported in [58] . Table 3 shows the assessment of the materials as derived according to the section B of the ITACA Protocol, which is described in Section 1.4.
In the view of the design requirements, which prefers the use of sustainable resources, Table 4 shows a classification of the insulating materials with their structure and source. The classification shows 4 groups of insulating materials: vegetable, animal, mineral, and synthetic.
The costs of the analyses materials as derived from the Apulia regional price datasets are shown in Table 5 . They are represented in a correlation matrix, a statistical method used to express a linear correlation between the two variables. It appears as a symmetric square matrix (M × M), where the r ji element is the correlation coefficient between the i-th and j-th variable. The correlation coefficients are values ranging from −1 to + 1, but the main diagonal coefficients are equal to 1. The correlation shows the dependence between the two variables. In particular, the variables have a linear correlation when the correlation coefficient is between 0 and 1, while they have an inverse correlation when the correlation coefficient ranges between −1 and 0. The value 0 implies that there is no correlation between the two variables.
The costs of the analyses materials as derived from the Apulia regional price datasets are shown in Table 5 . Calcium silicate panels 
The Output Values
In Table 6 , the constraints and objectives, in terms of cost, sustainability score, and thermal properties, are shown according to the passive building requirements placed in a warm climate. The optimal solutions are considered the best compromise between objectives and constraints. In particular, the following constrains have been set to identify the best design of a high efficient slab-on-ground floor for a warm climate:
• the thermal transmittance (U) has been fixed minor than 0.38 W/m 2 K, the legal limit (DM. The remaining parameters are maximized or minimized without numerical constraints. The sustainability score is given by an index (indicated as % ITACA) equal to the sum of the scores of the subsections of the ITACA Protocol. The ITACA score ranges from 0 to 88.8%, because the weight criteria of 11.1%, is not considered. This criterion is related to the use of building elements which permits a selective dismantling of the components that may be reused or recycled. Another objective is the minimization of the final cost with the goal of obtaining high efficient cost-effective solutions.
The different configurations of slab-on-ground floor obtained by the multi criteria analysis have been differentiated in accordance with the project goals. In the first preliminary step of the simulation, each layer can assume an arbitrary material and thickness, as a preparatory step for the following analysis (results in Section 3.1). Then, different configurations of slab-on-ground floor, in accordance with traditional construction methods, have been evaluated (results in Section 3.2). Three different types of slab-on-ground floors have been analyzed by imposing the constraint to place a specific material within a specific layer of the stratigraphy.
Results and Discussion

General Configurations
The first simulation, called "general configuration", does not foresee any restriction on the material position in the layers and relative thicknesses, as shown in Figure 2 . The constraints and objectives of Table 6 have been used. A discriminant in the choice of the optimal configurations is to favor the thermal exchange with the ground, considered as a heat sink, useful in a warm climate. The histograms in Figure 3 show a statistical analysis obtained considering the characteristics of the materials reported in Table 4 . Moreover, Figure 4 highlights the presence of a specific material in a given layer. It can be noted that concrete is prevalent in the first layer, which is in contact with the ground, and in the fifth layer, facing the internal side. In particular, Figure 3 shows that there is a high probability of finding fibrous insulating materials in the first layer. In Figure 4 , it is shown that the most frequent natural fibrous material in the first layer is wood fiber, characterized by a high specific heat. This result appears to disagree with the traditional methods and favors rising damp due to the porous structure. A discriminant in the choice of the optimal configurations is to favor the thermal exchange with the ground, considered as a heat sink, useful in a warm climate. The histograms in Figure 3 show a statistical analysis obtained considering the characteristics of the materials reported in Table 4 . A discriminant in the choice of the optimal configurations is to favor the thermal exchange with the ground, considered as a heat sink, useful in a warm climate. The histograms in Figure 3 show a statistical analysis obtained considering the characteristics of the materials reported in Table 4 . Moreover, Figure 4 highlights the presence of a specific material in a given layer. It can be noted that concrete is prevalent in the first layer, which is in contact with the ground, and in the fifth layer, facing the internal side. In particular, Figure 3 shows that there is a high probability of finding fibrous insulating materials in the first layer. In Figure 4 , it is shown that the most frequent natural fibrous material in the first layer is wood fiber, characterized by a high specific heat. This result appears to disagree with the traditional methods and favors rising damp due to the porous structure. Moreover, Figure 4 highlights the presence of a specific material in a given layer. It can be noted that concrete is prevalent in the first layer, which is in contact with the ground, and in the fifth layer, facing the internal side. In particular, Figure 3 shows that there is a high probability of finding fibrous insulating materials in the first layer. In Figure 4 , it is shown that the most frequent natural fibrous material in the first layer is wood fiber, characterized by a high specific heat. This result appears to disagree with the traditional methods and favors rising damp due to the porous structure. In general, the optimal configurations are characterized by the presence of concrete in both the first and fifth layers. This result agrees with a feasible configuration, which provides:
• a layer of concrete in contact with the ground. This ensures a leveling and a support for a possible crawl space or insulating material placement; • a layer of concrete in the fifth layer which allows the control of internal gains because of its high thermal capacity with high internal areal heat capacity and low decrement factor.
Furthermore, the presence of EPS in the second layer is an agreement with [12] , which suggests to insert a thin EPS layer (not fibrous) to stop rising damp. This result is confirmed by the histograms shown in Figures 3 and 4 . Table 7 shows the correlation matrix related to 17 variables of the problem:
• five variables relate to the input data of the five layers of the stratigraphy; • 11 variables concern the thermal characteristics; • one variable is linked to the sustainability based on the Itaca Protocol.
The values of the correlation matrix (Table 7) are highlighted with different colors: yellow for values ranging from 0.5 to 0.75, green for values ranging from −0.75 to −0.5, and blue from 0.75 to 1. From the correlation matrix, like predictable, it can be seen that there is a positive correlation between k1-Y11, k2-Y22, Y12-fd, U-Ms, L1-Y11, and L2-Y22. Negative correlations are found between U and Stot, fd and Ms. Table 8 shows the optimal solutions as obtained by the simulations. In general, the optimal configurations are characterized by the presence of concrete in both the first and fifth layers. This result agrees with a feasible configuration, which provides:
• five variables relate to the input data of the five layers of the stratigraphy; • 11 variables concern the thermal characteristics; • one variable is linked to the sustainability based on the ITACA Protocol.
The values of the correlation matrix (Table 7) Table 8 shows the optimal solutions as obtained by the simulations. All the solutions in the Pareto front represent the best balance between constraints and objectives and can be identified as optimal solutions. The configurations show concrete in the first and fifth layers, while there are insulating materials within the intermediate layers. The concrete guarantees a high thermal inertia. In several stratigraphy configurations, it is interesting to note the presence of non-porous and non-fibrous insulating materials in the second layer (closed to the ground), which do not favor the absorption of water. Among the best solutions with similar thermal behavior (Table 8) , the best ones are those with the minimum cost and the highest ITACA score.
Optimization of Typical Configurations
This section reports the results of various configurations considered technically feasible. These have been grouped into three categories of slab-on-ground floor (Sections 3.2.1-3.2.3) . The principle is to bound determined layers with specific materials. The variables of the problem are the thicknesses and the choice of materials on which no constraints have been imposed. Figure 5 shows the model of the analyzed stratigraphy characterized by concrete in the first and fifth layer. The concrete in the first layer, with additives against humidity, acts as a barrier between the ground and the insulating material in the other layers, preventing rising damp.
Slab-on-Ground Floor with Concrete
All the solutions in the Pareto front represent the best balance between constraints and objectives and can be identified as optimal solutions. The configurations show concrete in the first and fifth layers, while there are insulating materials within the intermediate layers. The concrete guarantees a high thermal inertia. In several stratigraphy configurations, it is interesting to note the presence of non-porous and non-fibrous insulating materials in the second layer (closed to the ground), which do not favor the absorption of water. Among the best solutions with similar thermal behavior (Table 8) , the best ones are those with the minimum cost and the highest Itaca score.
Optimization of Typical Configurations
This section reports the results of various configurations considered technically feasible. These have been grouped into three categories of slab-on-ground floor (Sections 3.2.1-3.2.3) . The principle is to bound determined layers with specific materials. The variables of the problem are the thicknesses and the choice of materials on which no constraints have been imposed. Figure 5 shows the model of the analyzed stratigraphy characterized by concrete in the first and fifth layer. The concrete in the first layer, with additives against humidity, acts as a barrier between the ground and the insulating material in the other layers, preventing rising damp. Furthermore, this gives the possibility to create a uniform surface from which the other layers can be adjoined. Table 9 highlights some optimal solutions, selected within the Pareto Front (Table 7) , maximizing k1 and k2, in order to obtain a thermal balance between the ground, both floor and slab, in the indoor environment. The presence of concrete in the opposite sides permits to reach high values of k1 and k2, a beneficial choice in a warm climate.
Slab-on-Ground Floor with Concrete
Among the optimal solutions, there are slab-on-ground floor configurations with less number of layers, such as four. Indeed, the presence of the same adjacent materials implies the replacement of two layers with a single layer, reducing the overall number of layers, installation and implementation costs, as well as installation time. Specifically, the material that is more frequently repeated is concrete in layer four and five.
In Table 9 , the optimal position of water protection membrane has been shown for each slab-on-ground floor. Furthermore, at the end of the optimization analysis, the user is free to choose the finishes that best suit the analyzed project. For this reason, the optimal configurations, from a thermal, environmental, and economic point of view, require further measures including the final flooring and the selection of specific water protection membranes. Furthermore, this gives the possibility to create a uniform surface from which the other layers can be adjoined. Table 9 highlights some optimal solutions, selected within the Pareto Front (Table 7) , maximizing k1 and k2, in order to obtain a thermal balance between the ground, both floor and slab, in the indoor environment. The presence of concrete in the opposite sides permits to reach high values of k1 and k2, a beneficial choice in a warm climate.
In Table 9 , the optimal position of water protection membrane has been shown for each slab-on-ground floor. Furthermore, at the end of the optimization analysis, the user is free to choose the finishes that best suit the analyzed project. For this reason, the optimal configurations, from a thermal, environmental, and economic point of view, require further measures including the final flooring and the selection of specific water protection membranes. This result is in agreement with [20] , since it allows to have a high mass and therefore a high thermal inertia internally, as well as the presence of insulation close to the ground.
Moreover, it has to be highlighted that the insulating material in the second layer is a synthetic material, while a natural insulating material is detected in the fourth layer, which is not in direct contact with the ground.
Slab-on-Ground
Floor with Gravel Figure 6 shows the configuration of the slab-on-ground floor with gravel in the first layer in direct contact with the ground. In addition, the second and fifth layers have been bound with concrete. The presence of gravel between the concrete layer and the ground allows a water natural drainage hampering capillary rising.
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Floor with Gravel Figure 6 shows the configuration of the slab-on-ground floor with gravel in the first layer in direct contact with the ground. In addition, the second and fifth layers have been bound with concrete. The presence of gravel between the concrete layer and the ground allows a water natural drainage hampering capillary rising. As shown by the analysis of the operative temperature [59] , it is not strictly necessary to obtain low transmittance values in warm climates. Therefore, the U value is preferable to be as high as possible and close to the law limit. Table 10 points out the optimal solutions selected from among the 22,744 Pareto solutions.
The total surface mass values are very different both among these combinations and those presented in Table 9 . This means that it is possible to obtain very similar transmittance and heat areal capacity with different total surface mass values. The configuration 6 of Table 10 demonstrates that it possible to have a high performance also with the lowest total surface mass among the analyzed combinations. As shown by the analysis of the operative temperature [59] , it is not strictly necessary to obtain low transmittance values in warm climates. Therefore, the U value is preferable to be as high as possible and close to the law limit. Table 10 points out the optimal solutions selected from among the 22,744 Pareto solutions.
The total surface mass values are very different both among these combinations and those presented in Table 9 . This means that it is possible to obtain very similar transmittance and heat areal capacity with different total surface mass values. The configuration 6 of Table 10 demonstrates that it possible to have a high performance also with the lowest total surface mass among the analyzed combinations. The crawl space is used to avoid rising dump and to physically split the floor from the ground. The presence of the crawl space increases comfort in the indoors, thanks to the creation of a ventilation space under the walking surface.
The air recirculation, which is formed inside the crawl space, mitigates the internal humidity by conveying it with possible harmful gases such as radon, outside the buildings. Figure 7 shows the model used in the simulation with a ventilated crawl space. In Table 11 , a set of solutions between 13489 Pareto solutions is selected. The crawl space is used to avoid rising dump and to physically split the floor from the ground. The presence of the crawl space increases comfort in the indoors, thanks to the creation of a ventilation space under the walking surface.
The air recirculation, which is formed inside the crawl space, mitigates the internal humidity by conveying it with possible harmful gases such as radon, outside the buildings. Figure 7 shows the model used in the simulation with a ventilated crawl space. In Table 11 , a set of solutions between 13489 Pareto solutions is selected. 
Conclusions
This work optimizes the design of a slab-on-ground floor in a warm climate building. The obtained optimal combinations are the result of a multi-objective analysis, carried out using the modeFRONTIER tool, which aims to find the best configurations at lowest cost and in compliance with the ITACA Protocol. Several commercial and eco-friendly materials available in the market are included in the analysis.
Different layers have been considered in accordance with local traditional methods. Results show that the best solutions, among all the solutions extracted from the Pareto front, are obtained with a high surface mass, guaranteed by the presence of concrete in the innermost and outermost layers. Furthermore, the research highlights that insulating materials are better placed in the middle layers, with the insulating and synthetic materials adjacent to the ground and insulating and natural materials adjacent to the floor.
This study emphasizes the importance of the thermal transmittance, showing that is crucial to select solutions with U values close to the Italian regulation limit (i.e., 0.38 W/m 2 K). This permits an adequate exchange with the ground in summer, which is fundamental for buildings located in a warm climate where overheating must be avoided. In addition, it points out that it is possible to reach a high performance both with low and high total surface mass.
The developed multi-objective analysis allows the designer to achieve a wide range of optimal solutions. In addition, the methodology can be used for several purposes, different design requirements, and boundary conditions. Further studies are needed to investigate the applicability of the model in other climates, as well as introducing the ground properties as a variable parameter in the analysis. An evolution of the research may be an analysis of the floor when considering the ground temperature. This analysis provides the use of the simplified method as required by the UNI 12831, which considers the ground thermal conductivity of 2.0 W/mK. The effects of perimeter isolation are not considered. The heat loss through the floors directly or indirectly in contact with the ground depends on several factors, which include the exposed and perimeter of the slab on the ground floor (depending on the construction of the floor), the burial depth and the thermal properties of the ground. The thermal dispersion towards the ground can be calculated according to EN ISO 13370 in a detailed or in a simplified way.
In addition, the assessment could be broadened to include roof slab in order to have a whole set of solutions for the entire building. 
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